We report on the fabrication and optical characterization of a switchable photonic crystal nanocavity actuated by liquid crystals. This device acts as a filter presenting a transmission peak around the telecom wavelength λ = 1550 nm. Passing from the isotropic to the anisotropic (oriented crystals) state of the liquid crystals, a shift of ∆λ = 13 nm has been measured, which confirms the theoretical predictions obtained by finite difference time domain simulations. We have developed a photonic crystal nanocavity that can be tuned thanks to the properties of liquid crystals infiltrated in the holes of the photonic device.
INTRODUCTION
The discovery of photonic crystals (PhCs) in 1987, by Yablonovitch and John [1, 2] , has opened the way to the miniaturization of optical elements. Widely used as filters [3] thanks to the band gap effect that PhCs present, they are, nowadays, at the heart of large range of integrated optical components such as modulators [4] - [6] , switches [7] , and superprisms [8] - [10] for multiplexing and demultiplexing for example. At the same time, the tunability of these devices appears as a challenge and different techniques have been used in order to make active photonic crystals, such as acousto [11] or electro-optic [12] effects, nonlinear properties of the materials or thermal [13] effects. Tuning resonant peak by modifying the cavity hole geometry and infiltration of liquid crystals has already been observed [14] . Nevertheless, experimental demonstration of tunable cavities using LC's properties are still rare [15, 16] .
In this paper we present a switchable photonic crystal filter where the liquid crystal (5CB from Merck) is infiltrated inside the nanostructure [17] to obtain tunability of the optical characteristics. At room temperature the liquid crystal is in its ordered phase and shows anisotropy. The orientation at the silicon surface is preferentially parallel to the surface [18] . Above the phase transition temperature for 5CB at 35.5 • C the liquid crystal is isotropic. Thus, when changing the phase of the liquid crystal, a change in order, anisotropy and refractive index is observed. If the liquid crystal infiltration is sufficient we can act on the photonic bandgap properties of the device by changing the temperature.
The filter is obtained by placing a nanocavity in the center of a photonic crystal waveguide. The aim of the study is to shift the transmission peak generated by the nanocavity by changing the refractive index and the state of liquid crystal infiltrated in the sample.
DESIGN AND FABRICATION
The basis for the design of the structure studied in this paper is presented in Figure 1(a) and (b) . The device consists of a PhC waveguide in a freestanding silicon membrane. A nanocavity is inserted in the center of the guide. The purpose of this study is to characterize the behavior of this nanocavity depending on the material infiltrating the holes of the cavity (liquid crystal (LC) or air).
Devices are fabricated on silicon on insulator (SOI) wafers. The thickness of the top silicon (Si) membrane is 340 nm. The photonic crystal is composed of 34 rows of holes in the propagation direction and 16 periods in the transverse direction.
The photonic waveguide consists of 1 row of missing holes. The hole diameter is d = 300 nm and the period is p = 450 nm (see Table 1 ). Light reaches the photonic waveguide using a taper from 10 µm at the input of the sample to 580 nm at the input of the photonic waveguide. Note that the silicon oxyde SiO 2 has been removed from under the photonic crystal layer, in order to create a free standing membrane of Si. Using a membrane eases the infiltration of liquid crystals into the photonic structure.
Two types of nanocavities have been studied. They are shown in Figure 1 (c) and (d) and the parameters are listed in Table 1 .
The first one, composed of 7 holes, is designed to work when surrounded by air (without liquid crystals) and the second one, composed of 5 holes, works with infiltrated liquid crystal. The samples are fabricated using e-beam lithography and the membrane is formed by etching in hydrofluoric acid (HF). The etching of the holes has been performed by Inductively Coupled Plasma Reactive Ion Etching (ICP-RIE). The SEM pictures presented in Figure 2 show the fabricated cavity of type 2.
NANOCAVITY CHARACTERIZATION
The characterization setup is described in Figure 3 . A fibered tunable laser (1460 nm < λ < 1590 nm) is used as a light source (Hewlett Packard Tunable laser source 8168F). Light passes through a fiber polarization controller and is injected in the waveguide using an optical fiber. In order to avoid the noise due to light passing above the sample or through the substrate, light is collected on top of the output waveguide as shown in Figure 3 . This is possible due to a small step fabricated on the edge of the sample that deflects a part of the output light. Moreover, since the waveguide is very thin, the output beam is highly divergent and more light can be collected using a system composed of a long focal length microscope objective (Leica ×20, NA = 0.4) and a highly sensitive InGaAs infra-red camera (Polytec SU 320 MS-1.7RT). The intensity of light emerging from the cavity can be measured as a function of the wavelength.
Three-dimensional simulations have been performed using a commercial FDTD software (CST Microwave Studio). The red curve in Figure 4 shows the theoretical spectrum. One can observe a transmission peak centered at λ = 1501 nm, having a full width at half maximum of FWHM = 8 nm and a maximum intensity of I max 63% of the incident light. The black curve represents the experimental measurements. Note that the two scales are different and cannot be directly compared. Nevertheless, one can observe the presence of a transmission peak centered at λ = 1536 nm. This peak is narrower than the predicted one. This is due to the low signal to noise ratio that allows to distinguish only the higher intensity of the transmission peak. Indeed, the bottom of the peak is below the noise level and its shape is modified.
Moreover a shift of ∆λ = 35 nm can be observed between the theoretical and the experimental peak. This can be explained by a small deviation in the diameter of the holes of the nanocavity. The green curve is the simulation of the same cavity where the sizes of the holes of the nanocavity have been changed by less than 2% (20 nm), which is close to the resolution limit of e-beam lithography. A displacement of the peak of ∆λ 70 nm is obtained. The difference between the two peaks in Figure 4 can be attributed to fabrication errors in the order of 10 nm.
SWITCHABLE NANOCAVITY MEASUREMENTS
The cavity of Type 1 has been replaced by the cavity of type 2 and the liquid crystal has been infiltrated inside the structure. Using the same experimental setup (Figure 3) , we have performed transmission measurements at the two temperatures corresponding to the two states of the LC. The results are presented in Figure 5 . The measured displacement of the peak is ∆λ = 13 nm.
In this experiment, two principal criteria are important and have an impact on the response of the device to temperature variations. The first one is the orientation of liquid crystals in the holes and at the surface of the sample. This orientation unfortunately cannot be verified. The second important parameter in this study is the liquid crystal infiltration inside the nanocavity holes. In order to define the influence of the presence or absence of liquid crystal, we have performed FDTD calculations for three different situations. The first one is the ideal case, where liquid crystal fills the cavity and also the region below and above the membrane (Figure 6(a) ). The second case considers only liquid crystal on top and below the cavity, but not inside the holes (Figure 6(b) ). Finally, the third example is the non-infiltration case where liquid crystal is only found above the cavity (Figure 6(c) ).
The parameters used for modeling the liquid crystals consist in the index of refraction at two temperatures. For the room temperature, the liquid crystal is in planar orientation and the electromagnetic field propagation depends mostly on the extraordinary index (n e = 1.68 at λ = 1.55 µm). To obtain the isotropic phase of the liquid crystal, it has to be heated above T c = 35.3 • C. In our experiment the temperature is set at T = 45 • C, and the index of refraction of the isotropic phase is assumed to be n i = 1.57 [19, 20] . Three principal effects are observed ( Figure 6 ) when the infiltration of liquid crystals decreases. First, the maximal amplitude of the peaks decreases drastically. Second, the photonic band gap and the transmission peak shift to the blue and consequently the peak changes position inside the photonic band gap. Third, the shift between the two peaks corresponding to the state of the liquid crystals decreases from 32 nm (complete infiltration of liquid crystals) to 8 nm (liquid crystals only at the surface of the structure). From the simulations, it is evident that the LC is not completely infiltrated in the photonic crystal device. One possible cause is surface tension, which prevents the LC to fully infiltrate the holes. This can be improved by performing infiltration of the LC in a vacuum chamber.
CONCLUSION AND DISCUSSION
We have demonstrated that the response of a filter based on a photonic crystal nanocavity can be tuned using the different phases of liquid crystals. The importance of a good infiltration of the liquid crystals inside the cavity has also been shown. In this paper, the particular behavior of the liquid crystal with the temperature variations has been used to make the nanocavity tunable. In future work, the sample will be activated using electric strains, which can give faster index changes and consequently a higher modulation frequency.
